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888Objective: Surgical treatment of a subglottic stenosis can lead to a cricoid cartilage resection, cervical trachea
resection, or both that has to be reconstructed with an artificial prosthesis. However, there is at present no stan-
dard treatment in the numerous reconstruction procedures, and many prostheses encounter inflammatory rejec-
tion and mechanical constraint problems. A porous, metastable b-type titanium alloy prosthesis was developed
to improve subglottic rehabilitation.
Methods: We have designed a porous type of airway prosthesis made of porous metastable b-type titanium
alloy. We used this prosthesis (20 mm in length) to reconstruct the cricoid cartilage and the first tracheal ring
in 10 mongrel dogs and evaluated its efficacy.
Results:One dog died of an accident with anesthesia at 1 week, 1 dog died of pneumonia about 1 month after the
operation, and 6 dogs were killed between the third and eighth months after the operation. At death, all the pros-
theses had become completely incorporated into the host tissue. Endoscopic examination showed no airway ob-
struction for a postoperative period of 3 to 8 months in 8 dogs. Granulation was observed in 4 cases, and the
porous, metastable b-type titanium alloy plate was exposed in 1 case, but these dogs were asymptomatic. Light
microscopic and electron microscopic analysis showed a normal mucous membrane growth on the surface of the
prosthesis and no visible granulation tissue in the reconstructed cricoid and tracheal cavity.
Conclusions: This airway prosthesis provided good results in canine cricotracheal reconstruction, and this study
presents the possibility of successful reconstruction of the cricoid and trachea with epithelial regeneration.
(J Thorac Cardiovasc Surg 2011;141:888-94)In clinical practice many different methods of management
of subglottic stenosis of a variety of causes have been de-
scribed. Conservative treatmentmethods, such as corticoste-
roid injection and balloon dilation, have been performed
poorly in the majority of cases, and open surgical interven-
tion is considered the standard of care for hard and fibrous
subglottic stenosis.1,2 A treatment method of subglottic
stenosis should be chosen according to the severity of
stenosis. Mild stenosis can heal spontaneously.3 For moder-
ate stenosis requiring surgical intervention, the first-choice
method of treatment is laryngotracheal reconstruction,
a small procedure in which the cricoid cartilage is split
and expanded with a graft. For severe stenosis with or with-
out vocal fold involvement requiring surgical intervention,
the best method of treatment is laryngotracheal resection.4
Different materials and techniques have been used to deal
with this effect.5-9 However, information from a variety ofe Departments of Otorhinolaryngologya and Experimental Surgery,b Tangdu
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res: Authors have nothing to disclose with regard to commercial support.
d for publication March 25, 2010; revisions received Aug 25, 2010; accepted
blication Sept 10, 2010; available ahead of print Dec 6, 2010.
for reprints: Shiying Cheng, MD, Department of Otorhinolaryngology,
u Hospital, Fourth Military Medical University, Xin Si Road 1, Xi’an, PR
(E-mail: chengshiying1@tom.com).
23/$36.00
ht  2011 by The American Association for Thoracic Surgery
016/j.jtcvs.2010.09.042
The Journal of Thoracic and Cardiovascular Surgreports indicates that there has been no standard treatment
in the numerous reconstruction procedures thus far, which
reflects that the management of laryngotracheal stenosis
remains a challenge for the otolaryngologist.
Titaniumand titaniumalloys arewidely used formanybio-
medical applications because of their low density, excellent
biocompatibility, corrosion resistance, and mechanical prop-
erties.10,11 In our study we selected the new b-type titanium
alloys (designated hereafter as TLM) produced by the
Northwest Institute for Nonferrous Metal Research (Xi’an,
China). Having good mechanical strength and lower
modulus of elasticity, they are considered to be the most
attractive metallic materials in biomedical applications.12
The purpose of the current study was to evaluate the effi-
cacy of cricotracheal reconstruction with a TLM in a canine
model for the treatment of subglottic stenosis. Biocompati-
bility tests of the used materials are very important for a suc-
cessful implantation. The material must have low or no
toxicity biologically to be biocompatible. Cell culture per-
mits a fast evaluation of the biological performance of the
biomaterials. Thus it is possible to search quickly for the
best samples used in the experimental animals. First, we
evaluated in vitro the rat fibroblast morphology at the sur-
face of the TLM prosthesis, and then we investigated in
vivo tissue colonization after the implantation of the TLM
prosthesis in dogs.ery c April 2011
FIGURE 1. Final appearance of the TLM prosthesis with holes at the
extremities of each tube (a) and a longitudinal slot (b).
Abbreviation and Acronym
TLM ¼ metastable b-type titanium
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Prosthesis
The prostheses, in conformity with GB/T16886 standards, were manu-
factured in collaboration with the Northwest Institute for NonferrousMetal
Research. TLM alloy (consisting of Ti-3, Zr-2, Sn-3, Mo-15, Nb) was used
for surgical implants. It was processed first by cutting a TLM alloy plate
and drilling tiny holes with a laser (SPI Lasers UK, Southampton, United
Kingdom). The diameter of the pores was about 70 to 90 mm, resulting
in a porosity of approximately 30% to 35%. Then the porous TLM alloy
plate was placed in a mold for a high-temperature treatment to determine
the shape of the prosthesis without vocal fold involvement. Prosthesis sizes
were adjusted to the mean diameter of dog cricoid cartilage and trachea,
and a rough treatment was given to the surface of the prosthesis. Finally,
the prosthesis was polished electrochemically. Prostheses are in a cylindri-
cal C shape and were 0.5 mm thick, 20 to 22 mm in inner diameter, and 20
mm in length. A slot of 3 mm was incised into the tubes, and 7 holes of 1
mm in diameter were pierced at each extremity to fix the prosthesis to the
trachea (Figure 1). The pieces obtained were tested for mechanical shock
resistance. Before implantation, all prostheses were processed with ultra-
sonic cleaning and high-pressure sterilization.
Scanning Electron Microscopy
Qualitative information on the morphology of the cells at the surface of
the prosthesis was obtained by using scanning electron microscopy. Rat fi-
broblasts (rat NIH 3T3) were cultured in Dulbecco’s modified Eagle’s me-
dium containing 15% calf serum, 100 mg/mL penicillin, and 50 mg/mL
streptomycin in an atmosphere of 5% CO2 and 95% air at 37
C. After
reaching confluence, the cells were collected by means of trypsin digestion
and plated at a density of 13 105 cells/mL on porous TLM samples placed
in 24-well plastic plates. After 4 hours of culture, cells attached to the sub-
stratewerewashed in phosphate-buffered saline at 37C, with 2 washes of 2
minutes each. Fibroblasts were fixed for 1 hour in 2.5% glutaraldehyde in
phosphate-buffered saline at room temperature. The samples were dehy-
drated in an ascending ethanol series (50%, 70%, and 90% and 3 times
at 100% for 20 minutes each). Specimens were mounted on sample holders
with silver print, sputter coated with a gold–palladium alloy in an Hummer
JR unit (Siemens, Karlsruhe, Germany), and visualized by means of scan-
ning electron microscopy with a Hitachi S–3400N (Hitachi, Japan, Tech-
comp,Beijing,China) operating at 5 kV.At least 2 substrateswere observed.
Animal Experiments
Tenmongrel dogs weighing approximately 10 to 12 kgwere used for the
experiment. The operative procedure and the care of the dogs were per-
formed in accordance with the regulations of the Experimental Animal
Centre, Fourth Military Medical University. The dogs were acclimatized
for 1 week before the operation and monitored for general appearance, ac-
tivity, excretion, and weight. All experiments were performed after
achievement of general anesthesia in a modern operating room. The exper-
imental animals were anesthetized with an intravenous injection of sodium
thiopental (10 mg/kg). Anesthesia was maintained with inhaled 1% to 2%
isoflurane and 100% oxygen. An antibiotic (cefamandol, 15 mg/kg) was
administered intravenously before the incision and during the procedure
at the same dose. After anesthesia, the experimental animals were laid
on the surgical desk and depilated on the anterior cervical area of the
skin (n ¼ 10). Iodine (Shanghai Linkwell Tech Group, Shanghai, China)
was used for local sterilization. A sterilized surgical drape was laidThe Journal of Thoracic and Cadown. Through a vertical midcervical incision of 5 to 6 cm, the larynx
and trachea were exposed. The cricothyroid muscles were dissected from
the cricoid cartilage and retracted superolaterally. The anterior cricoid car-
tilage (covering the cricothyroid membrane) with part of the posterior cri-
coid cartilage plate and the first tracheal ring were simultaneously resected
with cold instruments to form an artificial subglottic defect. A thin band of
subglottic membrane was conserved to prevent retraction of the larynx and
tracheal extremities. The porous prosthesis was anastomosed to the lower
edge of the thyroid cartilage on the oral side and to the second tracheal
ring on the caudal side with 3–0 absorbable sutures (Figure 2). Finally,
the subhyoid muscles were replaced as cover and sutured together on the
median lane. The operationwas finishedwithout an additional airway stent.
After the operation, the animals were caged in a controlled environment
with 12-hour on/off cycles. Food and water were provided ad libitum. An
antibiotic (cefamandol, 15 mg/kg) was administered intravenously after
surgical intervention for 3 days.
Endoscopic Examination
Endoscopic examination was undertaken periodically for each animal
after achievement of general anesthesia. The luminal surfaces of the cricoid
and trachea were examined with a videoendoscopic system to evaluate the
incorporation of each implanted prosthesis with its host tissue and to check
for any complications, such as exposure of the porous TLMplate or luminal
stenosis. The location and percentage of subglottic stenosis were deter-
mined. On the basis of the degree of stenosis found at endoscopy, the ani-
mals were assigned one of 3 grades: grade I, approximately 30% to 50%;
grade II, approximately 51% to 70%; and grade III, approximately 71% to
100%. Assignment of grades was based on endoscopic findings because
this is currently the gold standard for evaluating subglottic stenosis. The
videoendoscopic system consists of a video bronchoscope (ENF type
V2; Olympus Co Ltd, Tokyo, Japan), a video processor (OTV-ST, Olympus
Co Ltd), and a light source (CLH-250, Olympus Co Ltd).
Histologic Examinations
After an observation period ranging from 3 to 8 months, the dogs were
killed with an intravenous injection of potassium chloride and propofol.
The prosthesis was resected en bloc with both the distal and proximal sites
of the native cricotracheal area. After macroscopic examination, the tissues
on the TLM alloy were then taken, and part of them were prepared for
histopathological examination with hematoxylin and eosin staining and
scanning electron microscopic examination.rdiovascular Surgery c Volume 141, Number 4 889
FIGURE 2. A, The larynx and trachea were exposed. B, The TLM prosthesis was anastomosed to the lower edge of the thyroid cartilage and to the second
tracheal ring.
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Microscopic Aspect of the Porous TLM Plate and
Early Cellular Attachment
Microscopic features of the porous TLM plate were ob-
served in vitro by using scanning electron microscopy
(Figure 3). Fibroblasts were attached after 4 hours of culture
on the porousTLMplate surface. The porousTLMplate pre-
sented a quasiuniform image in the diameter of the pores an-
d irregularities on some areas of the surface (Figure 3, A).
Cells appeared to have a normal cellular shape with lamelli-
podia and pseudopodia (Figure 3, B). The porous TLM plate
therefore seemed sufficient to sustain cell adhesion and
spreading of fibroblasts.
Clinical Results
One dog died of an accident with anesthesia at 1 week.
One dog died of pneumonia about 1 month after the opera-
tion. The remaining 8 dogs showed good tolerance to the ex-
perimental procedure. Eight dogs were killed between the
third and eighth months after the operation as follows: 1
dog on the fourth month, 2 on the fifth month, 1 on the sixth
month, 2 on the seventh month, and 2 on the eighth month
(Table 1).FIGURE 3. Scanning electron micrograph showing morphologies of rat NIH 3
and cells on the surface of the prosthesis. (Original magnification, 2003.) B, R
podia. (Original magnification, 20003.)
890 The Journal of Thoracic and Cardiovascular SurgEndoscopic Examination
The endoscopic examination showed that the cavity of the
reconstructed subglottis was free of stenosis. Epithelializa-
tion of the luminal surface was observed in the remaining
8 dogs. Granulation (at the proximal or distal anastomotic
site of the prosthesis, with the narrowest cavity of the crico-
tracheal reconstruction between 8% and 26%) was ob-
served in 4 cases (Table 1; dogs 2, 4, 8, and 9), the porous
TLM alloy plate (at the upper anastomotic site of the ante-
rior prosthesis, with an area of about 23 3mm)was exposed
in 1 case (Table 1, dog 4), and anastomotic dehiscence was
not observed. However, these dogs were asymptomatic, and
they remained in good condition.
Endoscopic findings of a representative dog in the study
are shown in Figure 4. A preoperative endoscopic photo-
graph shows the smooth surface of the subglottis (Figure 4,
A). Just 1 week after the operation, periprosthetic coloniza-
tion by connective tissue is already shown in the subglottis,
with the benefit of maintaining the air tightness of the pros-
thesis (Figure 4, B). After 1½ months of implantation, the
prosthesis was almost entirely incorporated into the neigh-
boring larynx and tracheal tissue. The anastomotic area
was epithelialized with slight swelling (Figure 4, C). AfterT3 cells cultured for 4 hours on the surface of the TLM prosthesis. A, Holes
at NIH 3T3 cells exhibit normal cellular shape with lamellipodia/pseudo-
ery c April 2011
TABLE 1. Results of cricotracheal reconstruction with a prosthesis
Case no.
Implantation
time (mo) Stenosis Epithelialization Granulation
Exposure
of plate
Incorporation
to host Cause of death
1 8  100% 0%  þ Killed
2 6  92% 8%  þ Killed
3 1  <40% 0%  þ Pneumonia
4 5  74% 26% þ þ Killed
5 0.25  0% 0%  þ Anesthesia accident
6 8  100% 0%  þ Killed
7 5  100% 0%  þ Killed
8 7  92% 8%  þ Killed
9 4  87% 13%  þ Killed
10 7  100% 0%  þ Killed
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rated with the host tissue, and the reconstructed area was
smoothly epithelialized (Figure 4, D).
Macroscopic Examination
An outer view of the exposed larynx and trachea is shown
in Figure 5, A. The TLM plate was completely incorporated
into the host tissue. An inner view of the transverse larynx
and trachea is shown in Figure 5,B. The luminal surfacewas
almost entirely covered with epithelium without ulceration.FIGURE 4. Endoscopic findings before the operation (upper left) and 1 week
plantation.
The Journal of Thoracic and CaHistologic Examinations
The histologic results of the prosthesis section of the 8
dogs implanted after a period from the third to the eighth
months were similar. No abnormal structures were observed
at the position of the reconstructed larynx and trachea, and
no inflammatory reaction was detected at the area of contact
with the biomaterial. The neoepithelium of the recon-
structed area extended over the connective tissue layer
from both anastomotic sites. Although respiratory epithe-
lium was observed near the anastomoses, only squamous(upper right), 1½ months (lower left), and 5 months (lower right) after im-
rdiovascular Surgery c Volume 141, Number 4 891
FIGURE 5. Macroscopic findings: left, outer view of exposed larynx and trachea; right, inner view of transverse larynx and trachea. Trac, Second ring of
the trachea; R, reconstructed tissues; Thy, thyroid cartilage; VF, vocal fold.
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sis (Figure 6). Scanning electron microscopic examination
showed that the cilia on the luminal surface near the anas-
tomoses had no significant differences with those of normal
laryngotracheal epithelium.FIGURE 6. Histological analysis of a colonized section of the cricotra-
cheal prosthesis. a, The luminal surfacewas covered with ciliated columnar
epithelium near the anastomoses. b, The squamous epitheliumwas only ob-
served near the midposition. c, Connective tissue was in contact with TLM
alloy. L, Cricotracheal lumen. (Original magnification, 2003.)DISCUSSION
During the past 50 years, a variety of attempts have been
made to deal with the challenging problem of the treatment
of laryngotracheal stenosis. Schweinfurth13 has performed
endoscopic treatment successfully on 20 patients with carti-
lage disease; however, he found the successful treatmentwas
limited when cricoid cartilage was involved. Thus the pa-
tients with severe grades of stenosis require an open proce-
dure for expanding the laryngotracheal lumen. Liberman
and Mathisen9 reported a tailored cricoplasty technique
that was applied for a reconstruction of subglottic stenosis
in 18 patients, and the results were very good. After the re-
section of the stenotic lesions, the resulting defect is recon-
structed, most commonly through the use of autologous
cartilage grafts.7,14 Auricular cartilage grafts have been
used for tracheal and subglottic reconstruction since the
1950s.15 Cotton and Evans16 first reported an anterior cri-
coid cartilage split with or without an inserted costal carti-
lage or anterior and posterior cricoid cartilage split with an
implanted costal cartilage, and a good result was achieved
for the treatment of laryngotracheal stenosis in children.
Silva and colleagues17 reported a success rate of 84% with
the auricular cartilage graft. However, the main disadvan-
tage with the autologous cartilage graft was extra incision
and surgical trauma at other parts of the body and possible
ischemic necrosis of free cartilage. Some cases need to
add an intraluminal silicone T-tube to provide support and
to maintain airway patency after implantation of autologous
tissue. If the T-tube is too rough, the top end is not smooth, or
the location is too close to the glottis, the friction could dam-
age the mucous membrane, resulting in the formation of892 The Journal of Thoracic and Cardiovascular Surggranulation tissue, which would lead to restenosis and
obstruction. In addition, allogeneic materials carry risks of
immune rejection, disease transmission, and resorption,
whereas synthetic materials are associated with risks of
infection, extrusion, and foreign body reactions. Thus far,
reconstruction of laryngotracheal defects has been rarely
successful mainly because of inflammation and subsequent
prosthesis rejection caused by the biomaterial itself.
The term TLM alloy refers to the newly developed meta-
stable b-type Ti, Zr, Sn, Mo, Nb titanium alloys for biomed-
ical application, which seem to be ideal alternativematerials
for repair of a variety of tissues because of their traits of
moderate strength, toughness matching, low elastic modu-
lus, corrosion resistance, easy process, and low cost.18
The principal concern of biological material application
is its safety. In our study we have further tested the biocom-
patibility of TLM alloy and successfully validated that it isery c April 2011
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TLM alloy obviously could promote the growth of cricotra-
cheal mucous membrane. The endoscopic examination
found that the periprosthetic colonization by connective tis-
sue is already present in 1 week, and it prevents the prosthe-
sis from air and bronchial secretion leakage. The experiment
showed that material of 0.5 mm in thickness can play well
against mechanical forces for supporting the larynx, with
laser processing available. Because of its mechanical quali-
ties, an additional intraluminal stent is not required to pre-
vent respiratory collapse after implantation.
The goal of treatment of patients with subglottic stenosis
is to provide normal physiologic breathing without the need
for a tracheotomy or any further care. The surgical manage-
ment of subglottic stenosis has evolved over the years. Most
of these patients depend on tracheotomies after their opera-
tions.19 Long-term tracheostomies are frequently colonized
and infected by bacteria and microorganisms, and thus they
might increase the intraluminal contamination despite ade-
quate preoperative care and antibiotics. In our study we
used porous TLM alloy to repair the laryngotracheal defect
without a postoperative tracheotomy. The microporosity of
the material allows vascular and lymphangial permeation,
which vascularizes the epithelial colonization.20 The mini-
mal diameter of the pores needed to ensure vascular support
is under discussion,21 greater microporosity is not aero-
static, and smaller or no microporosity, as in silicone tubes,
does not allow surrounding tissue invasion or allow fibro-
blasts to pass through the wall. However, the study by
Scherer and associates22 suggested that the diameter was
from 40 to 60 mm. The porosities of the prostheses were
kept between 70 and 90 mm in our experiment, and the
results were excellent.
Our histologic studies showed few lymphocytes or mac-
rophages present in the tissue surrounding the prosthesis,
and the number of inflammatory cells diminished progres-
sively over the period of implantation. The color and luster
of the neoepithelium are similar to those of the native lar-
yngotracheal epithelium, and the cilia on the surface of
the mucous membrane were covered well near the anasto-
moses, but only squamous epithelium was observed at the
midposition of the prosthesis. We think that it relates to
time of the observation after implantation. Schultz and co-
workers20 reported a low or nil endoprosthetic colonization
by pseudostratified ciliated columnar epithelium resulting
from an inflammatory stenosis of the anastomoses, and their
implanted porous titanium prostheses were of 50 mm in
length. In contrast, the length of our prosthesis was only
20 mm, and the pseudostratified ciliated columnar epithe-
lium near the anastomoses was higher and larger than that
in the study by Schultz and coworkers, which indicates
that the length of the implant is obviously one of the very
important relevant factors limiting remucosalization of the
implanted lumen. In this study we observed a colonizationThe Journal of Thoracic and Caof fibrous tissue and fibroblasts all around the prosthesis
and within the hole of the TLM plate, and these tissues
were well vascularized, which would provide a good condi-
tion for epithelialization of the prosthetic lumen.
An ideal implanted tracheal prosthesis should keep nor-
mal anatomy and physiological status of the implanted lu-
men for life.23 In this study the remaining 8 dogs entirely
resumed activity after cricotracheal reconstruction and
had good cricotracheal anatomy, and no dog had anasto-
motic or central stenosis (Figures 4 and 5).
At present, significant advances have been made in tissue
engineering for laryngotracheal reconstruction. Heatley and
colleagues6 described that the epithelium would complete
cover the auricular cartilage graft in 2 weeks in an animal
laryngotracheal reconstruction model. Omori and associ-
ates14 reported a Marlex mesh tube covered by collagen
sponge that was applied for laryngeal reconstruction in ca-
nines, and a favorable result was obtained. For engineering
bone and cartilage, we believe that marrow stromal cells
hold the greatest therapeutic potential. The advantage of us-
ing stromal stem cells is that obtaining them is less invasive
than removing a sample of autologous cartilage. What is
advantageous about autologous cartilage is that not only
is it very similar to laryngotracheal cartilage, but it is also
a source for epithelial cells. However, these cultures often
lead to the loss of cilial function and or dedifferentiation
of ciliated cells themselves, and furthermore, these recon-
structive procedures have required relatively complicated
techniques. Simpler and more reliable reconstructive proce-
dure would be the optimal choice.
In this report we performed both in vitro and in vivo ex-
perimental tests of the biomaterial to assess its capacity to
integrate into biological tissues. We also proved a new tech-
nique to reconstruct the larynx and trachea with a prosthesis
made of porous TLM alloy. The preliminary data from the
current study show confluent regeneration of the epithelium
over the TLM alloy and good incorporation of the prosthesis
pore into the host tissue 1 week after implantation. How-
ever, our study has limitations. Because a thick fibrotic ste-
nosis of the cricoid cartilage and the adjacent tracheal rings
is frequently caused by endotracheal intubation,1,24 anterior
wall opening and insertion of a graft might be required for
the repair. With subsequent trauma or damage involved, it is
very difficult for physicians to widen the constrained
cricotracheal lumen as we expect. Thus additional study
with a longer period of observation is necessary with
prostheses of longer size. It would be useful, in the future,
for clinical repair of long-segment tracheal defects or of
partial laryngeal defects.
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